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ABSTRACT
The neutrino signal from SN1987A confirmed the core-collapse scenario and the possible
formation of a neutron star. Although this compact object has eluded all observations, the-
oretical and numerical developments have allowed a glimpse of the fate of it. In particular,
a hypercritical accretion model has been proposed to forecast the accretion of ∼ 0.15 M
in two hours and the subsequent submergence of the magnetic field in the newborn neutron
star. In this paper, we revisit the Chevalier’s model in a numerical framework, focusing on the
neutrino cooling effect on the supernova fall-back dynamics. For that, using a customized ver-
sion of the FLASH code, we carry out numerical simulations of the accretion of matter onto
the newborn neutron star in order to estimate the size of the neutrino-sphere, the emissivity
and luminosity of neutrinos. As a signature of this phase, we estimate the neutrinos expected
on SK neutrino experiment and their flavor ratios. This is academically important because,
although currently it was very difficult to detect 1.46 thermal neutrinos and their oscillations,
these fingerprints are the only viable and reliable way to confirm the hypercritical phase. Per-
haps new techniques for detecting neutrino oscillations arise in the near future allowing us to
confirm our estimates.
Key words: accretion – hydrodynamics – neutrino: cooling – neutrino: oscillations – stars:
neutron – supernovae: individual (SN1987A)
1 INTRODUCTION
It took almost 400 years so that another supernova, after Kepler’s
supernova in 1604, could be observed by the naked eye. The neu-
trino signal from SN1987A detected in terrestrial observatories
(Mont Blanc, Kamiokande, IBM and Baksan), suggested the for-
mation of a neutron star (NS) by the supernova core (Woosley
1988). So far the search for this holy grail of the type II supernovae
paradigm continues. SN1987A was a core-collapse supernova with
known progenitor and an estimated distance of d ' 50 ± 1 kpc
(Panagia 2005), in the Large Magellanic Cloud (LMC). The pro-
genitor was a blue supergiant of spectral class B3Iab with 20 M,
effective temperature 1.6×104 K, and an estimated size of 43 R.
The total energy in the collapse was ' 1053 erg, but only 1% of
this energy was released in the shock wave of the supernova.
In the first few seconds, the debris of core-collapse was dense
enough that photons could hardly escape. However, newly created
neutrinos in the formation of the newborn NS escaped carrying out
the gravitational energy. The observables of this NS were an in-
ferred energy∼ 3×1053 ergs, temperature T ∼ 4MeV and decay
time-scale of the neutrino burst ∼ 4 s. These parameters were con-
sistent with models in which a degenerate iron core collapsed to
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† E-mail:bernalcg@astro.unam.mx
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form a NS (Burrows & Lattimer 1986), although there is not yet
any evidence of the presence of a pulsar, or even a quiet NS inside
SN1987A. The possible scenarios to solve this problem range from
the delayed collapse of the NS into a black hole (Brown & Bethe
1994), a demagnetized NS by hyper-accretion of material (Bernal
et al. 2013) to the formation of a quark star (Muslimov & Page
1995).
In the core-collapse scenario, the shock wave sweeps the outer lay-
ers of the progenitor until it encounters a discontinuity in density.
At this point, a reverse shock is generated leading to a fall-back
phase which can induce a hypercritical accretion onto the new-
born NS surface a few hours after the explosion. This scenario is
only possible if the progenitor had a tenuous H/He envelope sur-
rounding a dense He core, as SN1987A (Smartt 2009). Chevalier
(1989) argued in favor of such scenario of late accretion onto the
SN1987A core and developed an analytical model for the hypercrit-
ical regime. In this model, the neutrino cooling plays an important
role in the formation of a quasi-hydrostatic envelope around the
newborn NS. Recently, Bernal et al. (2013, 2010) showed that the
magnetic field, for SN1987A parameters, does not play an impor-
tant role in such regime because it is submerged into the crust of
the newborn NS, therefore we will adopt the idea of a demagne-
tized newborn NS as compact remnant in this supernova.
Due to the inverse beta decay, electron-positron annihilation (e−+
e+ → Z → νj + ν¯j) and nucleon-nucleon bremsstrahlung
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(N+N → N+N+νj+ν¯j) for j = e, ν, τ , thermal neutrinos will
be produced at the core and then they will propagate inside the star.
The properties of these neutrinos will get modified when they prop-
agate in a magnetized medium and depending on the flavor of the
neutrino, would feel a different effective potential because electron
neutrino (νe) interacts with electrons via both neutral and charged
currents (CC), whereas muon (νµ) and tau (ντ ) neutrinos interact
only via the neutral current (NC). This would induce a coherent ef-
fect in which a maximal conversion of νe into νµ (ντ ) takes place
even for a small intrinsic mixing angle. The resonant conversion of
neutrino from one flavor to another due to the medium effect is well
known as the Mikheyev-Smirnov-Wolfenstein effect (Wolfenstein
1978). These neutrino oscillations have been widely studied in the
literature in different scenarios (Ruffert & Janka 1999; Goodman
et al. 1987; Volkas & Wong 2000; Janka 2012, 2013).
In this work we do a numerical study of hyper-accretion of mat-
ter onto the newborn NS surface in the SN1987A scenario. We
will consider as input the analytical model proposed by Chevalier
(1989) and Brown & Weingartner (1994) about the late accretion of
matter onto compact objects, few moments after the core-collapse,
focusing on the importance of the neutrino cooling processes on the
NS surface. We employ the AMR FLASH code to carry out the nu-
merical simulations of the reverse shock and the complex dynamics
near stellar surface, including several neutrino cooling processes, a
more detailed equation of state, and an additional degree of free-
dom in the system. As a signature of this phase we estimate the
neutrino luminosity, the number of events as well as the flavor ratio
that could have reached the Earth. The paper is arranged as follows.
In section 2 we describe the analytical model as input on the numer-
ical approach focusing on the neutrino cooling processes present in
the system. In section 3 we develop the neutrino oscillations mod-
els. In section 4 we discuss the radial profiles inside the supernova
remnant and the neutrino propagation in such regions. Finally, In
section 5 we present and discuss the results in the SN1987A frame-
work.
2 THE HYPERCRITICAL ACCRETION MODEL AND
THE NEUTRINO COOLING
2.1 The Analytical Procedure
In the seminal paper about the NS fall-back problem, Colgate
(1971) showed that the neutrino cooling on the NS surface would
result in a low pressure which could drive matter toward the NS
surface. Chevalier (1989) obtained, using this mechanism, that the
amount of material deposited on the newborn NS surface, for the
SN1987A parameters, was 0.15 M on a time-scale of 7 × 103 s.
With these parameters, the accretion rate estimated for SN1987A
in the hypercritical regime was M˙ ' 350 M yr.−1. He argued
that if pressure forces are important in the flow, it has a sonic point
at RB/4 for γ = 4/3, where RB is the Bondi radius and γ is the
adiabatic index. Inside of such Bondi flow the velocity becomes
supersonic. The conclusion was that the inflow towards the NS sur-
face must be a supersonic free-fall.
Chevalier (1989) also found a nice solution that consistently allows
the flow to pass through the shock and to decelerate towards the
surface of the NS. Additionally, if the infall time is less than the
time-scale of the accretion rate change, then the flow can be con-
sidered as steady-state. In addition, because of that close to the NS
surface the pressure is very high; then it is expected that neutri-
nos will carry away the gravitational energy. They made several
assumptions to find the self-similar solutions: (i) a constant accre-
tion rate and spherical accretion in the hypercritical regime, (ii) a
flow without magnetic field, (iii) they disregard the effects of ro-
tating NS in this regime, (iv) the pair annihilation as the dominant
mechanism in the neutrino cooling, and (v) a polytrope approxima-
tion to equation of state.
Because of that a significant fraction of the material will fall-back
onto the compact object (induced by the reverse shock); this ma-
terial bounces against the surface of the newly born NS building a
third expansive shock, which tries to break through the free falling
material. This expansive shock builds an atmosphere (or envelope)
in quasi-hydrostatic equilibrium, with free falling material raining
in over it. In that case, the velocity (v0) and density (ρ0) profiles of
the free falling material are given by
v0 =
√
2GM
r
and ρ0 =
M˙
4pir2v0
, (1)
where M and M˙ are the mass and the accretion rate, respectively,
and the other parameters have the usual meaning. The structure of
the atmosphere in quasi-hydrostatic equilibrium is given by
ρ = ρs
(rs
r
)3
, p = ps
(rs
r
)4
, v = vs
(rs
r
)−1
, (2)
where the subscript s refers to the value of density (ρs), pressure
(ps) and velocity (vs) at the shock front. The first two values come
from imposing hydrostatic equilibrium of a polytropic equation of
state, p ∝ ργ and the velocity is fixed by mass conservation. Once
the shock position, rs, is known (see below its determination), ps
and ρs are determined by the strong shock condition and vs by
mass conservation as
ρs = 7ρ0, ps =
6
7
ρ0v
2
0 , vs = −1
7
v0, (3)
where ρ0 and v0 are evaluated as r = rs. For a given NS mass M
and radiusR, and a fixed accretion rate M˙ , the radial location of the
accretion shock is controlled by energy balance between the accre-
tion power and the integrated neutrino losses, per unit NS surface
area
GMM˙
R
=
∫ ∞
R
˙ν(r)dr. (4)
That is because the value of rs depends on the pressure near the NS
surface, where it is attaining a value that is needed to lose the grav-
itational energy in neutrinos, then the neutrino emissivity, ˙ν(r),
occurs at the scale heigh very close to the NS surface. Chevalier
(1989) approached this value by R/4 for the pressure profile in an
atmosphere in quasi-hydrostatic equilibrium. With this, the energy
balance is given by
GMM˙
R
= 4piR2
(
R
4
)
˙ν . (5)
The high pressure near the NS surface (pns ' 1.86 ×
10−12dyn cm−2M˙ r3/2s ) allows the pair neutrino process to be the
dominant mechanism in the neutrino cooling. The neutrino emis-
sivity can be obtained from Dicus (1972) by
˙ν = 1.83× 10−34p2.25 erg cm−3 s−1 . (6)
Including the electron–positron contribution to the pressure,
pe−e+ = 11/4
(
aT 4/3
)
where a is the radiation constant, the
shock radius is given by
rs ' 7.7× 108cm
(
M
1.4M
)−0.04 ( R
106 cm
)1.48
×
(
M˙
M yr−1
)−0.37
. (7)
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This shock radius is an eingenvalue that allows the gravitational
energy to be lost for a given value of M˙ which is rs ' 8.81 ×
107 cm for SN1987A parameters. On the other hand, in the region
where the emissivity ˙ν is operative, the temperature lies in the
range of 1 to 5 MeV, then the energy density of black body is
B(T ) = 3.77× 1026
(
T
MeV
)4
erg cm−3, (8)
and the neutrino emissivity as a function of temperature, in the hy-
percritical regime is calculated as
˙ν = 0.97× 1025
(
T
MeV
)9
erg s−1 cm−3, (9)
where we have taken into account the contribution of e± pairs.
For the SN1987A parameters, the temperature estimated on the NS
surface is T ' 4.5×1010 K(' 4 MeV), and the emissivity is given
by ˙ν ' 2 × 1030 erg s−1 cm−3. As the volume of the neutrino-
sphere is V ' piR3 = pi × 1018 cm3, the neutrino luminosity is
given by Lν ' 6 × 1048 erg s−1. Note that although in this case
other processes of neutrino production are neglected due to the high
dependence of the pair annihilation process with temperature, in the
numerical approach, we will include all the relevant processes.
2.2 The Numerical Technique
Although the simplified Chevalier model described above esti-
mates the values of parameters and the radial structure of the
atmosphere in quasi-hydrostatic equilibrium at the hypercritical
regime, it is only a one-dimensional model and also requires
several assumptions as was pointed out: polytrope approximation
for the equation of state, just one process for the neutrino cooling
(pair production) and negligible magnetic field, for instance.
Bernal et al. (2013, 2010) showed that the magnetic field, for
SN1987A parameters, is buried and submerged under the stellar
surface by the accreting material in the hypercritical regime, so it
does not play an important roll in the dynamics of quasi-hydrostatic
envelope. Because of that the ram pressure is greater than the
magnetic pressure in this regime, the magnetic field is confined in
a small region where the piling up of matter takes place. In such
cases, numerical simulations of cartesian two-three-dimensional
accretion columns must be considered in order to take into account
the role of the magnetic field. The results show the piling up of
matter onto the NS surface, as well as the submergence of the
magnetic field in the new crust formed by such material. For such
reasons we do not take into account the magnetic field in the
present work. Otherwise, we will include more neutrino processes,
a more detailed equation of state and one additional degree of
freedom in the simulations in order to compute several parameters
of the neutrino cooling effect on the stellar surface, an instance
after the material has fallen back.
In the present case, we carry out hydrodynamic numerical simu-
lations of the hypercritical accretion regime in a two-dimensional
spherical mesh, using the Flash code method developed by Fryxell
et al. (2000). Flash is a Eulerian, parallelized, multi-physics,
adaptive mesh code designed to handle several problems found
in various high-energy astrophysical environments. In our case,
we use a customized version of Flash code, with the piecewise–
parabolic method PPM solver, which solves a whole set of
hydrodynamic equations. This solver uses an algorithm which is a
version of higher order Godunov’s scheme. The matter equation
of state is an adaptation of Flash’s Helmholtz package, that
includes contributions from the nuclei, electron-positron pairs, and
radiation, as well as the Coulomb correction.
The neutrino energy losses near the stellar surface are dominated
by the e± annihilation process which involves the formation of
neutrino-antineutrino pairs (e− + e+ → ν + ν¯). However, we also
include other relevant neutrino processes present in such regime:
(i) the photo-neutrino process, in which the outgoing photon in
a Compton scattering is replaced by a neutrino-antineutrino pair
(γ + e± → e± + ν + ν¯); (ii) the plasmon decay process, in which
a photon propagating within an electron gas (plasmon) is sponta-
neously transformed in to a neutrino-antineutrino pair (γ → ν+ ν¯)
and (iii) the Bremsstrahlung process, in which the photon of the
standard process is replaced by a neutrino-antineutrino pair, either
due to electron-nucleon interactions (e±+N → e±+N + ν+ ν¯)
or nucleon-nucleon interactions (N +N → N +N + ν + ν¯). All
these processes, which are implemented in a customized module
in the code, are described in Itoh et al. (1996).
We used a 2D spherical mesh (r, θ) to perform the numer-
ical simulations. The radial component r lies in the range
106cm 6 r 6 3 × 106cm, and the angle θ in the range
pi/4 6 θ 6 3pi/4, i.e, we simulated only a quarter of the total
domain, which has 2048× 2048 effective zones.
As boundary conditions, we impose mass inflow along the top edge
of the computational domain, and periodic conditions along the
sides. At the bottom, on the NS surface, we use a custom boundary
condition that enforces hydrostatic equilibrium. We assume the
accreting matter to be non-magnetized. We are interested in
following the evolution of the system from the instant when the
material in free fall bounces against the NS surface. Bernal et al.
(2010, 2013) showed that the radial profiles for density, pressure
and velocity described in equation 2 are achieved when the system
evolves a long time. They found, besides the aforementioned
profiles predicted by the analytical model, a submergence of the
NS magnetic field in the new crust formed by the material piled on
the stellar surface.
In this work we are not interested in following the shock evolution
and the consequent formation of a quasi-hydrostatic equilibrium
envelope, but we focus on the dynamics very close to the NS
surface where the neutrino cooling takes place. The boundary
condition on the top edge is adaptable, i.e, when the shock leaves
the computational domain, the injection of mass changes from
free fall to Chevalier mode. We start the simulation with the free
fall profiles described by eq. 1 with an initial temperature of 107
K. The code finds the correct pressure profile after some steps
of simulation. The time step in the Flash code is adaptive and
depends on local conditions. Typically, the time resolution of the
simulations is dt ' 10−7 s. It is important to highlight that once
the atmosphere in quasi-hydrostatic equilibrium is formed, it will
oscillate around the shock radius. These oscillations will depend
on the physical conditions on NS surface as well as the amount
of neutrinos that carry away the energy injected by the accretion.
With the present conditions of density and temperature at the base
of the flow, the plasma is made of free baryons, photons and e±.
The main contributions of neutrino opacity are then the coherent
scattering of neutrons and protons and pair annihilation. For
example, the corresponding cross section for coherent scattering
is σN = (1/4)σ0[Eν/(mec2)]2, where σ0 = 1.76 × 10−44 cm2.
For thermal neutrinos with temperatures T . 1011 K ∼ 10 MeV,
the cross section is σN . 7× 10−42 cm2. The maximum densities
reached at the bottom of the envelope will be less than 1011 g
cm−3, and in such conditions, the neutrino mean free-path would
be lν = (nNσN)−1 & 2.5×106 cm, which is safely larger than the
depth of the dense envelope. Above this dense region the envelope
c© 0000 RAS, MNRAS 000, 000–000
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density decreases rapidly and the whole envelope is transparent to
neutrinos. Then, we ignore neutrino absorption and heating. Also,
if we ignore convection effects, the time scale required for the
quasi-stationary solution to set in is a few sound crossing times,
tcross ' rs/cs. For a shock radius of rs ' 50 km and sound
velocity cs ' c/10, this is tcross ' 1 − 2 ms. The simulations
presented by Bernal et al. (2013, 2010) ran for hundreds of ms
in order to establish itself quite rapidly. In the present case, to
analyze the initial transient and the neutrino cooling effect over
the stellar surface, our simulations ran for various ms. Because of
that the neutrino cooling depends on temperature, being more or
less constant near the NS surface; the energy loss has the same
behavior in the hypercritical regime where such emissivity is
operative. The time scale for convection is of course much longer,
and will depend on the equilibrium between infall and cooling at
the base of the envelope.
Fig. 1 shows color maps of density (up), total energy (right),
emissivity (down) and pressure (left) for the SN1987A parameters.
In (A) we show the initial transient, with free-falling material
bouncing on the stellar surface and building an expansive shock,
that makes its way through the material falling onto the remnant.
It is important to highlight that the pressure and energy are high
pretty close to the NS surface where the neutrino cooling takes
place (t = 0.1 ms). In (B) the shock evolution is evident and a rich
morphology is observed in the system. Hydrodynamic instabilities
are observed inside the envelope while the shock evolves in the
computational domain (t = 0.5 ms). In (C) the shock has left
the computational domain while at the base of the envelope the
neutrino cooling is very effective creating an energy sink that
allows the material to be deposited on the surface slowly. At this
stage the system begins to relax (t = 5 ms). In (D) the system
has nearly reached a quasi-hydrostatic equilibrium. Because of
the additional degree of freedom, the flow passes freely through
the lateral boundaries, preventing a full equilibrium state from
reaching. Nevertheless, it can be observed that the height scale
where neutrino-sphere is operating, the emissivity is more efficient.
From the simulations it has been computed that the estimated
radius where the neutrino loss is effective (including all the
relevant processes) is r ' 3.2 × 105 cm ' (1/3)R. The mean
value of emissivity in such region is ˙ν ' 2.2×1030 erg s−1 cm−3
(very similar to the one analytically estimated ), the volume of the
neutrino-sphere is V ' (4/3)piR3 = (4/3)pi × 1018 cm3 and
then the neutrino luminosity is given by Lν ' 8 × 1048 erg s−1.
The good agreement of these results with the estimated values of
the analytical model is surprising.
In Fig. 2 is shown, the parameter space where different neutrino
processes are effective as well as the neutrino luminosity integrated
in the whole computational domain, for the SN1987A parameters.
Note that after an initial transient, the neutrino luminosity has
small oscillations about a fixed value. Two approaches are shown,
the analytical method from Dicus (1972) and the tabulated method
from Itoh et al. (1996). The luminosity values are in perfect
agreement with those calculated analytically above. We can infer
that the small difference between the analytical and numerical
values calculated by integrating the whole computational domain is
due to other neutrino production processes not taken into account
in the analytical model. We confirm that this nice analytical model
accounts for many important physical processes in the hypercritical
regime. However, numerical simulations allow us to go beyond
and analyze other relevant physical processes that are lost in purely
analytical models, such as the magnetic field submergence, the
piling up of matter onto the NS surface and the rich hydrodynamic
morphology and instabilities that only numerical simulations can
reproduce.
Notably, the numerical values obtained by simulations are es-
timated once the system has reached a quasi-hydrodynamic
equilibrium. In this case, most of instabilities presented in the ini-
tial transient has disappeared, thus allowing to make a comparative
analysis with the analytical model.
2.3 Number of Expected Neutrinos
For the hypercritical phase we have calculated the number of events
that could have been detected in SKII. The expected event rate can
be written as
Nev = V NA ρN
∫
t
∫
E′
σν¯epcc
dN
dE
dE dT (10)
where V is the effective volume of water, NA = 6.022 × 1023
g−1 is the Avogadro’s number, ρN = 2/18 g cm−3 is the nu-
cleons density in water (Mohapatra & Pal 2004), σν¯epcc ' 9 ×
10−44 E2ν¯e/MeV
2 is the cross section (Bahcall 1989), dT is the
detection time of neutrinos and dN/dE is the neutrino spec-
trum. Taking into account the relationship between the neutrino
luminosity L and neutrino flux F , L = 4piD2zF < E >=
4piD2zE
2dN/dE and approximation of the time-integrate average
energy < Eν¯e >= 15 MeV and time t, then the number of events
(eq. 10) are
Nev ' t
< Eν¯e >
VNA ρNσ
ν¯ep
cc < Eν¯e >
2 dN
dE
' t
4piD2z < Eν¯e >
VNA ρNσ
ν¯ep
cc Lν¯e. (11)
Replacing the values for a water volume of V = 2.14 × 109 cm3
(2.14 kton) (Mohapatra & Pal 2004) and neutrino luminosity ob-
tained Lν ' (8.0/6.0) × 1048 erg/s, we have that the number of
neutrinos expected would have been 1.49 which is at the limit of
detection and in comparison to the value of initial neutrino burst
18.7 (Giunti & Chung 2007; Mohapatra & Pal 2004) is very small.
On the other hand, when such neutrinos are produced in the
neutrino-sphere, they can have a very complex behavior. In the fol-
lowing sections, we calculate the neutrino effective potential and
the resonant oscillations of these neutrinos since they are produced
in the neutrino-sphere until they go through the upper layers of the
supernova progenitor and reach the Earth.
3 NEUTRINO OSCILLATIONS
The properties of these neutrinos are modified when they propa-
gate in such magnetized and thermal medium and depending on the
neutrino flavor, it would feel a different effective potential because
electron neutrino (νe) interacts with electrons via both neutral and
charged currents (CC), whereas muon (νµ) and tau (ντ ) neutrinos
interact only via the neutral current (NC). This would induce a co-
herent effect in which maximal conversion of νe into νµ (ντ ) takes
place even for a small intrinsic mixing angle (Wolfenstein 1978).
These neutrino oscillations have been widely studied in the litera-
ture in different scenarios (Volkas & Wong 2000; Goodman et al.
1987; Ruffert & Janka 1999; Sahu & D’Olivo 2005; Sahu et al.
2009a,b; Osorio Oliveros et al. 2013; Fraija & Moreno Mendez
2014; Fraija & Moreno Me´ndez 2014b,a). In the following sub-
sections we are going to introduce the more relevant equations for
neutrino oscillations in matter that are derived in Fraija (2014b).
c© 0000 RAS, MNRAS 000, 000–000
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3.1 Two-Neutrino Mixing
The evolution equation for the propagation of neutrinos in matter is
given by
i
(
ν˙e
ν˙µ
)
=
(
Veff −∆ cos 2θ ∆2 sin 2θ
∆
2
sin 2θ 0
)(
νe
νµ
)
(12)
where ∆ = δm2/2Eν , Veff is the effective potential, Eν is
the neutrino energy, δm2 is the neutrino mass difference and θ
is the neutrino mixing angle. Here we have considered the neu-
trino oscillation process νe ↔ νµ,τ . From the conversion prob-
ability Pνe→νµ(ντ )(t) = ∆
2 sin2 2θ/ω2 sin2 (ωt/2) with ω =√
(Veff −∆ cos 2θ)2 + ∆2 sin2 2θ, the oscillation length for the
neutrino is written as
Losc =
Lv√
cos2 2θ(1− Veff
∆ cos 2θ
)2 + sin2 2θ
, (13)
where Lv = 2pi/∆ is the vacuum oscillation length. If the den-
sity of the medium is such that the condition Veff = ∆ cos 2θ is
satisfied, then the resonance condition and resonance length can be
written as
Veff = ∆ cos 2θ , (14)
and
Lres =
Lv
sin 2θ
, (15)
respectively. Combining eqs. (14) and (15), we can obtain the res-
onance density as a function of resonance length (Fraija 2014a)
ρR =

3.69×102
Eν,MeV
1− E2ν,MeV
 4.4×106 cmlr

2
1/2
gr/cm3 sol ,
1.39×104
Eν,MeV
1− E2ν,MeV
 1.18×105 cmlr

2
1/2
gr/cm3 atm. ,
3.29×106
Eν,MeV
1− E2ν,MeV
 4.9×102 cmlr

2
1/2
gr/cm3 acc. .
(16)
We will be using the best fit values of two-neutrino mixing
(solar, atmospheric and accelerator neutrino experiments) as fol-
lows. Here we will consider the following neutrino mixing param-
eters. From solar neutrinos: δm2 = (5.6+1.9−1.4) × 10−5 eV2 and
tan2 θ = 0.427+0.033−0.029(Aharmim & et al. 2011), from atmospheric
neutrinos: δm2 = (2.1+0.9−0.4)× 10−3 eV2 and sin2 2θ = 1.0+0.00−0.07
(Abe & et al. 2011) and from accelerator neutrinos: δm2 =
(7.9+0.6−0.5)×10−5 eV2 and tan2 θ = 0.4+0.10−0.07(Araki & et al. 2005;
Shirai & KamLAND Collaboration 2007; the KamLAND Collab-
oration & Mitsui 2011).
3.2 Three-neutrino Mixing
In a three-flavor framework, the evolution equation is given by
i
d~ν
dt
= H~ν, (17)
where the state vector in the flavor basis is ~ν ≡ (νe, νµ, ντ )T , the
effective Hamiltonian is H = U · Hd0 · U† + diag(Veff , 0, 0),
with Hd0 = 12Eν diag(−∆m
2
21, 0,∆
2
32) and U the three neutrino
mixing matrix given by Gonzalez-Garcia & Nir (2003); Akhme-
dov et al. (2004); Gonzalez-Garcia & Maltoni (2008); Gonzalez-
Garcia (2011). The survival and conversion probabilities for elec-
tron, muon and tau are given in Sahu et al. (2009b,a); Fraija
(2014b). The oscillation length for the neutrino is given by
Losc =
Lv√
cos2 2θ13(1− 2EνVeδm232 cos 2θ13 )
2 + sin2 2θ13
, (18)
where Lv = 4piEν/δm232 is the vacuum oscillation length. From
the resonance condition, Veff = ∆ cos 2θ13, the resonance length
and density are related as
ρR =
1.9× 104
Eν,MeV
[
1−E2ν,MeV
(
8.2× 104 cm
lr
)2]1/2
gr/cm3 .(19)
On the other hand, combining solar, atmospheric, reac-
tor and accelerator parameters, the best fit values of the
three neutrino mixing are for sin213 < 0.053 : ∆m221 =
(7.41+0.21−0.19) × 10−5 eV2; tan2 θ12 = 0.446+0.030−0.029
and for sin213 < 0.053 : ∆m221 = (7.41
+0.21
−0.19) ×
10−5 eV2; tan2 θ12 = 0.446+0.030−0.029(Aharmim & et al. 2011).
3.3 Neutrino Oscillation from Source to Earth
Between the surface of the star and the Earth the flavor ratio
φ0νe : φ
0
νµ : φ
0
ντ is affected by the full three description flavor mix-
ing. The probability for a neutrino to oscillate from a flavor estate
α to a flavor state β in a time starting from the emission of neu-
trino at star t = 0, is given as Pνα→νβ =|< νβ(t)|να(t = 0) >|=
δαβ − 4
∑
j>i UαiUβiUαjUβi sin
2
(
δm2ijL/4Eν
)
. With the three-
mixing parameters of neutrino oscillation, we can write the mixing
matrix as
U =
 0.82 0.55 0.19−0.51 0.51 0.69
0.28 −0.66 0.69
 (20)
and the probability matrix for a neutrino flavor vector of (νe, νµ,
ντ )source changing to a flavor vector (νe, νµ, ντ )Earth is given as νeνµ
ντ

Earth
=
 0.53 0.27 0.200.27 0.37 0.37
0.20 0.37 0.43
 νeνµ
ντ

source
(21)
where the sin term in the probability has been averaged to ∼ 0.5
for distances (L) longer than the Solar System. (Learned & Pakvasa
1995).
4 DENSITY PROFILES
When neutrinos propagate inside a star they have to go through dif-
ferent stratified regions. In order to obtain the density profiles, we
have selected four important regions inside the star (see Fig. 3). The
core surface (neutrino-sphere), the accretion shock region (hydro-
static envelope), the free-fall region and the stellar surface. Analyti-
cal and numerical models of density distribution in a pre-supernova
have shown a decreasing dependence on radius ρ ∝ r−n, with
n = 3/2 (3) for convective (radiative) envelopes (Woosley et al.
1993; Shigeyama & Nomoto 1990; Arnett 1991).
4.1 Core Surface
On the surface of the core, the plasma is magnetized and thermal
(i.e. the neutrino-sphere). In this region (1.0 × 106cm 6 r1 6
1.33 × 106cm), the magnetic field and temperature are B = 5 ×
1012 G and T = 4.31 MeV. The neutrino effective potential for
B 6 Bc = m2/e ' 4.14 ×1013 G is given by (Fraija 2014b)
Veff =
√
2GF m
3
e B
pi2Bc
[ ∞∑
l=0
(−1)l sinhαl
{
m2e
m2W
(
1 + 4
E2ν
m2e
)
K1(σl)
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+
∞∑
n=1
λn
(
2 +
m2e
m2W
(
3− 2 B
Bc
+ 4
E2ν
m2e
))
K1(σlλn)
}
−4 m
2
e
m2W
Eν
me
∞∑
l=0
(−1)l coshαl
{
3
4
K0(σl) +
∞∑
n=1
λ2nK0(σlλn)
}]
where Ki is the modified Bessel function of integral order i and the
parameters as function of magnetic field (B), temperature (T) and
chemical potential (µ) are λ2n = 1 + 2nB/Bc, αl = (l+ 1)µ/T
and σl = (l + 1)me/T . As shown in Fig. 4, the effective poten-
tial is an increasing function of magnetic field which has a value of
7.4×10−10 eV forB = 5×1012 G. In this figure, we can observe
that the effective potential is positive, therefore due to the posi-
tivity of the effective potential (Veff > 0) neutrinos can oscillate
resonantly. By considering two: solar (left-hand figure above), at-
mospheric (right-hand figure above) and accelerator (left-hand fig-
ure below), and three-neutrino (right-hand figure below) mixing,
we have analyzed the resonance condition which is plotted in Fig.
6. In this figure, one can see that the temperature is a decreasing
function of chemical potential independently of neutrino energy. In
these plots we can see that temperature is a decreasing function of
chemical potential and for the values of temperature and chemi-
cal potential in the range 0.8 MeV 6 T 6 5 MeV and 10−1 eV
6 µ 6 103 eV, respectively, neutrinos oscillate resonantly. It can
also be seen from these plots that the chemical potential achieves
the largest value as accelerator parameters are considered, and the
smallest one as solar parameters are taken into account.
In addition, as shown in fig 5, for the three-neutrino mixing we
study the survival and conversion probabilities for the active-active
(νe,µ,τ ↔ νe,µ,τ ) neutrino oscillations as a function of distance
(left figure) and energy (right figure). From these plots one can see
that in the range considering distance and energy, the probabilities
of neutrino oscillation go from 0 to unity.
4.2 Accretion shock region
In this region, (1.33× 106cm 6 r2 6 rs) with rs given by eq. (7),
the density profile can be obtained from the Chevalier model (eqs.
1, 2 and 3) and be written as
ρ2(r2) = 7.70× 102
(
r2
rs
)−3
g cm−3 (22)
where r2 is the quasi-hydrostatic envelope radius.
4.3 Free fall region
The density of material in free fall, rs 6 r3 6 rh is obtained from
eqs. 1 and written as
ρ3(r) = 5.74× 10−2
(
r3
rh
)−3/2
g cm−3 (23)
where again rs is given by eq. (7) and rh = 6.3× 1010 cm.
4.4 Surface of the star
In particular, for the presupernova star of SN1987A (blue super-
giant) a density profile was done by Chevalier & Soker (1989). The
analytic form of the density distribution in the outer radiative layer
of the star has a polytropic structure, ρ = ρ0 (R?/r − 1)n, where
R? ' 3×1012 cm and ρ0 ' 3×10−5 g cm−3. The corresponding
polytropic index for a radiative envelope with constant Thomson
opacity is n = 3. Chevalier & Soker (1989) studied several models
for the BSG presupernova of SN1987A, and all models are normal-
ized to give the same density ρ = 2
(
1011/1010.8 − 1)3 = 0.4 g
cm−3. Then, the final density profile of the outer layer is given by
a power-law fit with an index n = 17/7,
ρ4(r) = 3.4× 10−5g cm−3
×
{(
R?
r
)17/7
; rh < r < rb,(
R?
r
)17/7 (r−R?)5
(rb−R?)5 ; r > rb.
(24)
where rb = 1012 cm.
Considering the density profiles (eqs. 22, 23 and 24), associating
the number of electron per nucleon Ye = 0.5, then we obtain the
number density of electrons as Ne = NA ρ(r)Ye and the neutrino
effective potential Veff =
√
2GFNe. After that we present a de-
scription of two- and three-flavor neutrino oscillations. From the
resonance condition, we obtain the resonance density (ρR) as a
function of resonance length (lR) for two (eq. 16) and three flavors
(eq. 19). We put together the plots of the density profiles as a func-
tion of distance and the resonance conditions (resonance density as
a function of resonance length), as shown in fig 7. For two flavors,
we have taken into account solar (left-hand figure above), atmo-
spheric (right-hand figure above) and accelerator (left-hand figure
below) parameters of neutrino experiments. Using solar parame-
ters, the resonance length is in the range∼ (6.1×106−2.3×108)
cm and resonance density in ∼ (1 − 104) g/cm3. For atmospheric
parameters, the resonance length is less than 4.8 × 106 cm and
the resonance density in ∼ (102 − 104.6) g/cm3. Using acceler-
ator parameters, the resonance length is less than 4.3 × 105 cm
and the resonance density lies in the range ∼ (105 − 106.8) g/cm3
and for three flavors (right-hand figure below), the range of reso-
nance length is less than ∼ 4.2× 106 cm and resonance density is
∼ (103.2 − 104.7) g/cm3.
In addition, as shown in figs. 8, 9 and 10 for the three-neutrino
mixing we study the survival and conversion probabilities for the
active-active (νe,µ,τ ↔ νe,µ,τ ) neutrino oscillations as a function
of distance (left-hand figure) and energy (right-hand figure). From
these plots one can see that on one hand, the electron neutrino al-
most does not oscillate to any other flavor Pee '1, Peµ ' 0 and
Peτ ' 0 and is almost independent of the energy of the neutrinos
and the distance and on the other hand, the muon and tau neutrinos
oscillate among themselves with equal probability and their oscil-
lations depend on the neutrino energy and distance.
On the other hand, we calculate the flavor ratio expected on Earth
for four neutrino energies (Eν = 5 MeV, 10 MeV, 15 MeV and 20
MeV), as shown in table 1. From this table we can see a small de-
viation of the standard flavor 1:1:1 for neutrinos. In this calculation
we take into account that for neutrino cooling processes: electron-
positron annihilation, inverse beta decay, nucleonic bremsstrahlung
and plasmons, only inverse beta decay is the one producing electron
neutrino. It is important to say that our calculations of resonant os-
cillations were performed for neutrinos instead of anti-neutrinos,
due to the positivity of the neutrino effective potential.
5 DISCUSSION AND CONCLUSIONS
We have studied hypercritical accretion onto newborn NS with the
aim of looking into the neutrino cooling effect in the formation of
an envelope in quasi-hydrostatic equilibrium of SN1987A. This is
particularly relevant in the context of making the NS eventually in-
visible as a pulsar following the supernova explosion, this with the
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Eν φνe : φνµ : φντ φνe : φνµ : φντ φνe : φνµ : φντ
(MeV) On the Plasma On the Star On Earth
(1.3×106 cm) (3×1012 cm)
5 0.914:1.042:1.042 0.924:1.037:1.037 0.977:1.007:1.015
10 1.016:0.991:0.991 1.013:0.993:0.993 1.004:0.998:0.997
15 1.106:0.947:0.946 1.085:0.957:0.957 1.025:0.991:0.983
20 1.145:0.927:0.927 1.124:0.937:0.937 1.037:0.987:0.975
Table 1. The flavor ratio on the surface of the plasma, star and Earth for
four neutrino energies (Eν = 5 MeV, 10 MeV, 15 MeV and 20 MeV).
condition that the magnetic field is submerged by the accretion in
the hypercritical regime. Extending our exploration of parameter
space to spherical symmetry spanning a significant fraction of the
stellar surface in the simulations, we have focused on the size of
the neutrino-sphere where the emissivity of neutrinos is effective
and then calculated the neutrino luminosity in the first instant after
the reverse shock has reached the hard surface of the star and the
formation of the quasi-steady atmosphere takes place.
We made comparisons of our numerical results with the analytical
model of Chevalier and found an excellent agreement between the
neutrino luminosity and height scale values obtained with the Flash
Code and those estimated with analytical approximations. The ad-
ditional neutrino processes involved in the numerical approach
slightly increase the neutrino luminosity value and the height scale.
This is because the analytical model of the hypercritical system was
performed with some assumptions while the numerical approach
has included more physical ingredients (magnetic field, a more re-
alistic equation of state and additional neutrino processes). We also
analyze other interesting phenomena such as the submergence of
the magnetic field on the stellar surface as well as the dynamics of
the system with higher degrees of freedom.
On the other hand, taking into account the obtained neutrino lumi-
nosity and parameters of the SN-II, we estimated that 1.49 neutri-
nos must have reached the detector two hours later after the main
neutrino burst. However, because this number is much smaller that
the ∼ 20 events could have been undetected. On the other hand, if
considering the value of volume 31.9 kton in SK-III (Regis & et al.
2012), we would expect a neutrino number of 22.3 in the hyper-
critical phase. The amount of these neutrinos would confirm such
phase in other SN with the identical characteristics (temperature,
distance, etc) We have studied the active-active neutrino process
in the supernova framework. We have divided the path of mov-
ing neutrinos into four regions. For the first region, we have used
the neutrino effective potential derived in Fraija (2014b) which is
a function of chemical potential (µ), temperature (T ), neutrino en-
ergy (Eν ) and magnetic field. We have shown that for a neutrino
test of energy 1, 5 , 20 and 30 MeV, and parameters considered of
temperature and chemical potential in the range of 1 MeV 6 T 6
5 MeV, 10−2 eV 6 µ 6 103 eV, neutrinos oscillate resonantly,
for two- and three-neutrino mixing. In regions from two to four, we
have also calculated each effective potential and then analyzed their
oscillations through each zone. For three neutrino mixing, we have
calculated the ratio flavor expected on Earth. Our analysis shows
that deviations from 1:1:1 are obtained for neutrino energies of 5,
10, 15 and 20 MeV, given in table 1. Distinct flavor ratios will pro-
vide constraints on parameters of this hypercritical accretion. Al-
though currently it is very difficult to detect neutrino oscillations,
new techniques for detecting neutrino oscillations arise in the near
future allowing us to confirm our estimates and thus the hypercriti-
cal phase.
It is important to highlight that we estimate a detectable number of
neutrinos assuming an object at the distance of SN 1987A at the
LMC, however it could be used for future predictions in a more
favorable situation where a core collapse might take place in the
Milky Way Galaxy.
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A B
C D
Figure 1. Color maps of the evolution of density (up), total energy (right), neutrino emissivity (down) and pressure (left) for the SN1987A parameters: (A)
initial transient, t = 0.1 ms, (B) shock evolving in the domain, t = 0.5 ms, (C) shock leaves the domain and the transient has vanished, t = 5 ms, (D)
quasi-hydrostatic equilibrium envelope is formed, t = 10 ms.
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Figure 2. Left: Domain of validity of the neutrino cooling processes in the density-temperature space. We used the Itoh tabulated values for several neutrino
processes (Itoh et al. 1996). Each shaded region shows the regime in which a given process contributes more than 90% of the neutrino energy losses. As a
comparative example the neutron 1S0 superfluidity Tc curve is also plotted (dotted line), below which the PBF (Cooper pair breaking and formation) process
starts to act with an emissivity similar to the one of the e-ion bremsstrahlung. Right: neutrino luminosity integrated in the whole computational domain. The
analytical formula from Dicus (Dicus 1972) and the tabulated numerical values from Itoh (Itoh et al. 1996) are compared.
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Figure 3. Important regions inside early supernova remnant: the newborn NS, the core surface (neutrino-sphere), the hydrostatic envelope, the free-fall region
and the stellar surface. The neutrinos produced in the neutrino-sphere travel through these region oscillating.
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Figure 4. The effective potential (Veff ) as a function of magnetic field (B) is plotted for 4.31 MeV.
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Figure 5. We plot the oscillation probability as a function of distance (left figure) and energy (right figure) when neutrinos are propagating through region 1.
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Figure 6. Plot of temperature (T ) as a function of chemical potential (µ) for which the resonance condition is satisfied. We have used the best fit parameters
of the two-flavor: solar (left-hand figure above), atmospheric (right-hand figure above) and accelerator (left-hand figure below), and three-flavor (right-hand
figure below) neutrino oscillation, the value of magnetic field of B = 5× 1012 G and taken into account four different neutrino energies: Eν =1 MeV (green
thin-solid line) (red dashed line), Eν =5 MeV (blue dashed line), Eν = 20 MeV (black dot-dashed line) and Eν = 30 MeV (bred dotted line)).
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Figure 7. Density profiles (ρ2, ρ3 and ρ4) given by eqs. (22), (23) and (24), respectively are plotted. Also from the resonance condition, we plot the resonance
density as a function of resonance length for High-energy neutrinos. We have used the best fit parameters of the two-flavor: solar (left-hand figure above),
atmospheric (right-hand figure above) and accelerator (left-hand figure below), and three-flavor (right-hand figure below) neutrino oscillation.
[htp]
 0.001
 0.01
 0.1
 1
 1e+06  1e+07
Pr
ob
ab
il
it
y
L (cm)
Pee
Peµ 
Peo
Pµ µ
Po o
Pµ o  0.001
 0.01
 0.1
 1
 1e+06  1e+07
Pr
ob
ab
il
it
y
E (eV)
Pee
Peµ 
Peo
Pµ µ
Po o
Pµ o
Figure 8. We plot the oscillation probability as a function of distance (left figure) and energy (right figure) when neutrinos are propagating through region 2.
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Figure 9. We plot the oscillation probability as a function of distance (left figure) and energy (right figure) when neutrinos are propagating through region 3.
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Figure 10. We plot the oscillation probability as a function of distance (left figure) and energy (right figure) when neutrinos are propagating through region 4.
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